INTRODUCTION {#SEC1}
============

The ability to sense and respond to temperature is essential for survival, and accordingly, a variety of mechanisms to achieve this task can be observed in nature. Protein-based regulation systems, such as sigma factors specific to heat-shock proteins ([@B1],[@B2]) and chaperone proteins that aid in a variety of heat- and cold-shock responses ([@B3]--[@B7]), allow organisms to respond to temperature changes at both transcriptional and post-translational levels. RNA-based, temperature-responsive regulation systems, which function at a translational level, are also common throughout nature ([@B8],[@B9]). They exploit the natural tendency of single-stranded RNA molecules to change their secondary structure in response to temperature shifts, resulting in altered RNA stability or translation rates.

RNA thermosensors can be described as heat-inducible or heat-repressible, meaning that they turn on or off gene expression at high temperatures, respectively. Most naturally-occurring RNA thermosensors are heat-inducible, and they function by sequestering the ribosome binding site (RBS) in a hairpin structure at low temperatures and exposing the RBS upon hairpin destabilization at high temperatures ([@B9]). One example of such an RNA thermosensor is a regulatory element known as ROSE (Repression Of heat-Shock gene Expression) ([@B10]). The predicted structure of the 5′ UTR sequesters not only the Shine-Dalgarno (SD) sequence but also the start codon at low temperatures. Research has shown that the thermosensor hairpin does not unfold completely at high temperatures, but rather that structural perturbations at high temperatures are sufficient for translation initiation to occur ([@B9],[@B11]). A computational model has recently been developed to predict temperature-dependent perturbations in RNA secondary structure and might provide insight into the mechanisms of such RNA thermosensors ([@B12]).

Heat-repressible RNA thermosensors function by a variety of mechanisms. For example, expression of the RpoS sigma factor in *Escherichia coli* is regulated by a trans-acting asRNA called DsrA ([@B13]). DsrA can take two structural conformations, one of which (the F form) will bind to the target mRNA and expose the RBS. The F form has increased stability at low temperatures, allowing for heat-repressible expression of the target gene. However, the mechanism for the stability difference between the two forms is unknown ([@B13]). Another well-studied heat-repressible RNA thermosensor regulates translation of the *cspA* mRNA in *E. coli* ([@B14]). At low temperatures, the mRNA takes a stable conformation that is more efficiently translated. The entire length of the mRNA (428 nt), not just the 5′ UTR, participates in this structural rearrangement, making the coding region an integral part of the mechanism ([@B14],[@B15]).

Naturally-occurring RNA thermosensors, though abundant in nature, can be difficult to implement in engineered systems. For example, the RpoS mechanism is complex and poorly understood, and the *cspA* thermosensor is very large and requires the participation of the *cspA* coding sequence. These characteristics can prevent naturally-occurring thermosensors from being effectively implemented in synthetic biology applications (i.e. limited reusability or modularity). On the other hand, a *de novo* design strategy offers the potential to develop minimal size thermosensors with a simple, well-understood mechanism. RNA regulators lend themselves to *de novo* design because they form predictable secondary structures ([@B16],[@B17]) and have a well-understood structure--function relationship ([@B18],[@B19]), which are characteristics that contribute to their scalability ([@B20]). Furthermore, synthetic RNA thermosensors can be designed to respond to a pre-determined temperature. However, very few studies have attempted to design synthetic RNA thermosensors thus far. Two studies in 2008 used computational tools and experimental screening to design heat-inducible RNA thermosensors *de novo* that unfolded a stem--loop to expose the SD sequence at high temperatures ([@B21],[@B22]). To our knowledge, the only example of a designed heat-repressible RNA thermosensor was published more recently, which did not use a *de novo* design strategy, but simply fused naturally-existing RNA sequences ([@B23]). In this work, we demonstrate the first, heat-repressible RNA thermosensors designed *de novo* (Figure [1](#F1){ref-type="fig"} and Table [1](#tbl1){ref-type="table"}).

![Mechanism of RNA thermosensors. At high temperatures (37°C), the [R]{.ul}Nase E [c]{.ul}leavage site (RC -- purple) is exposed, mRNA is cleaved by RNase E, and expression is 'off'. At low temperatures (27°C), the RC binds to the [a]{.ul}nti-[R]{.ul}Nase E [c]{.ul}leavage site (ARC -- yellow) and forms a hairpin. This structure sequesters the RC, and expression is turned 'on'. The No-ARC control lacks an ARC, and thus it is unable to form a hairpin structure. This control is expected to be in the 'off' state at all temperatures.](gkv499fig1){#F1}

###### Sequences of the 24 thermosensors used in this work (see Supplementary Table S1 for their design parameters and Supplementary Figure S1 for their predicted structures)

  Thermosensor     Sequence
  ---------------- -------------------------------------------------------------------------
  No-ARC control   AAAAAAUUAAAA[UCUUCC]{.ul}GC[UCUUCC]{.ul}
  A1               **AGAAAGACGAGAAAGA**AAAUAA[UCUUCC]{.ul}GC[UCUUCC]{.ul}
  A2               **AGAAAGACGAGAAAGA**AAAAAUAUAAA[UCUUCC]{.ul}GC[UCUUCC]{.ul}
  A3               **AGAAAGACGAGAAAGA**AAAAAUAUAUAUAAAA[UCUUCC]{.ul}GC[UCUUCC]{.ul}
  B1               **GUUGAAUGAGUUCGGUUAAGA**AAUAA[UCUUCC]{.ul}GC[UCUUCC]{.ul}
  B2               **GUUGAAUGAGUUCGGUUAAGA**AAAAUAUAAA[UCUUCC]{.ul}GC[UCUUCC]{.ul}
  B3               **GUUGAAUGAGUUCGGUUAAGA**AAAAUAUAUAUAAAA[UCUUCC]{.ul}GC[UCUUCC]{.ul}
  C1               **AGAAAGACGAGAAAGACUC**AAUAAGAAAC[UCUUCC]{.ul}GC[UCUUCC]{.ul}
  C2               **AGAAAGACGAGAAAGACUC**AAAAUAUAAAGAAAC[UCUUCC]{.ul}GC[UCUUCC]{.ul}
  C3               **AGAAAGACGAGAAAGACUC**AAAAUAUAUAUAAAAGAAAC[UCUUCC]{.ul}GC[UCUUCC]{.ul}
  D1               **GGAAGAA**AAUAAU[UCUUCC]{.ul}
  D2               **GGAAGAA**AAAAUAUAAAU[UCUUCC]{.ul}
  D3               **GGAAGAA**AAAAUAUAUAUAAAAU[UCUUCC]{.ul}
  E1               **GGAAGA**AAUAA[UCUUCC]{.ul}
  E2               **GGAAGA**AAAAUAUAAA[UCUUCC]{.ul}
  E3               **GGAAGA**AAAAUAUAUAUAAAA[UCUUCC]{.ul}
  F1               **AGGAAGA**AAUAA[UCUUCC]{.ul}U
  F2               **AGGAAGA**AAAAUAUAAA[UCUUCC]{.ul}U
  F3               **AGGAAGA**AAAAUAUAUAUAAAA[UCUUCC]{.ul}U
  G1               **AAGGAAAGAAAGCAAGGAAAAGA**AAUAA[UCUUCC]{.ul}GC[UCUUCC]{.ul}
  H1               **AGGUUAAGAGCCCGGUUAAGA**AAUAA[UCUUCC]{.ul}GC[UCUUCC]{.ul}
  I1               **AGGAAUGAUUGCUUGGUUAAGAGACUC**AAUAAGAAAC[UCUUCC]{.ul}GC[UCUUCC]{.ul}
  J1               **AGAGAACGAUGCCGGCCAAGA**AAUAA[UCUUCC]{.ul}GC[UCUUCC]{.ul}
  K1               **AAGAGAACGAUGCCGGCAAAGA**AAUAA[UCUUCC]{.ul}GC[UCUUCC]{.ul}
  L1               **AGAGAACGAUGCCGGUUAAGA**AAUAA[UCUUCC]{.ul}GC[UCUUCC]{.ul}
  Common UTR       CAAAGUCGGUGACAGAUAACAGGAGUAAGUA**AUG**

The RNase E cleavage site (RC) is underlined and the Anti-RNase E cleavage site (ARC) is shown in bold. Each thermosensor is directly followed by a common UTR containing the ribosome binding site (RBS), shown in the last row. The start codon of *gfp* is also shown in bold.

The RNA thermosensors developed here have a small size and a simple mechanism, allowing for construction of temperature-responsive, complex genetic circuits and potential implementation in synthetic biology applications. At low temperatures, a hairpin sequesters a cleavage site for the native ribonuclease, RNase E in the 5′ untranslated region (UTR) of the target mRNA (Figure [1](#F1){ref-type="fig"}). At high temperatures, the hairpin is destabilized, allowing RNase E to degrade the transcript and turn off expression. RNase E was chosen for several reasons among a variety of ribonucleases, including RNase III, PNPase and RNase P. First, RNase E is an endoribonuclease, with a preference for regions of single-stranded RNA ([@B24]). This allows for targeted degradation of RNA in its unfolded form, which occurs at higher temperatures. Second, RNase E is native to *E. coli*, alleviating the need for the expression of a heterologous protein. Finally, both RNase E and its homologue RNase G are common in β- and γ-proteobacteria ([@B25]) as well as cyanobacteria ([@B26]), and about half of all eubacteria outside of these groups have at least one of these enzymes on its chromosome ([@B25]). This provides reason to believe that implementation of these thermosensors in other organisms is possible with host-specific optimization. Our data show that gene expression can be regulated through the use of small, cis-acting, heat-repressible RNA thermosensors designed *de novo*. In addition, by analyzing thermosensor behaviors, we provide insights into their design principles.

MATERIALS AND METHODS {#SEC2}
=====================

*De novo* design and construction of RNA thermosensors {#SEC2-1}
------------------------------------------------------

Thermosensors were initially under the control of a strong constitutive Anderson promoter (<http://parts.igem.org/Part:BBa_J23104>) and were constructed using blunt end ligation. Each thermosensor sequence was inserted downstream of the transcription start site and upstream of the RBS, as shown in Table [1](#tbl1){ref-type="table"}. A template plasmid containing constitutive *gfp* was amplified with primers containing the thermosensor sequence. After digestion with DpnI (New England Biolabs), the amplified fragment was phosphorylated with T4 polynucleotide kinase (New England Biolabs), ligated using T4 DNA ligase (New England Biolabs), and electroporated into *E. coli* DH10B ([@B27]). The subsequent replacement of the constitutive promoter with pTet was accomplished using Golden Gate assembly ([@B28]). All plasmids, strains, and key DNA sequences (i.e. genes, promoters and UTRs) used in this work are summarized in Supplementary Tables S2, S3 and S4, respectively.

Thermosensor structures (Supplementary Figure S1) and parameters (Supplementary Table S1) were estimated using the Mfold Web Server ([@B17]). The RNA folding form provided the predicted secondary structures and Δ*G* values as shown in Supplementary Table S1. Melting temperatures (*T*~m~ = 25.6--37.8°C) were estimated using the 'Two-state melting (hybridization)' application on the DINAMelt Web Server (<http://mfold.rna.albany.edu/?q=DINAMelt/Two-state-melting>) ([@B29]). This application predicts the melting temperature of two separate strands of RNA. In this case, the RC and the ARC were considered to be the two separate strands, as shown in Table [1](#tbl1){ref-type="table"} and Supplementary Figure S1. The effects of loop size were neglected in this approximation. Supplementary Table S1 and Supplementary Figure S1 show that the design parameters are varied within the 24 thermosensors. It is worth noting that the number of RCs and the total number of bulges are linked parameters. Bulges on either side of the stem were introduced in order to tune melting temperatures to the desired range (*T*~m~ = 25.6--37.8°C). With two RCs, it is necessary to include bulges in the stem because a perfectly complementary stem of that length has an estimated melting temperature of 76°C, which exceeds an appropriate growth temperature for *E. coli*. On the other hand, including bulges in thermosensor stems with only one RC reduces the estimated melting temperature to less than ∼15°C, which is below our testing temperatures. For this reason, all of the thermosensors with two RCs contain stem bulges, and all of the thermosensors with one RC contain no stem bulges.

Experimental characterization of RNA thermosensors {#SEC2-2}
--------------------------------------------------

Cells were grown overnight in LB media (Miller) and diluted 100X with M9 minimal media with 4 g/l glucose (for cultures of the cells that contain the three-input composite circuit, see below; given catabolite repression and its effect on the pBAD promoter, glycerol, instead of glucose, was used as a carbon source for characterization of the three-input composite circuit). After 2 h of growth at 37°C and 250 rpm, cells were centrifuged and resuspended in M9 minimal media with 4 g/l glucose. These cultures were grown with supplementation of anhydrotetracycline (aTc) at the appropriate testing temperature and 250 rpm until stationary phase. Stationary phase occurred 20, 22 and 25 h after induction for cells growing at 37, 32 and 27°C, respectively. The same time points were used in all experiments unless otherwise indicated. To determine the optimum level of transcription, cells were induced with a gradient of aTc concentrations, ranging from 3.2 pg/ml to 250 ng/ml (Supplementary Figure S2). An aTc concentration of 1 ng/ml was used unless otherwise indicated. Kanamycin (20 μg/ml), ampicillin (100 μg/ml) and chloramphenicol (34 μg/ml) were added as appropriate.

Measurements were taken with a Tecan Infinite M200 plate reader. Absorbance (Abs) was measured at 600 nm to monitor cell growth. GFP was measured at excitation = 483 nm and emission = 530 nm. In order to normalize the data, a series of controls were included in each experiment. *Escherichia coli* DH10B was grown to provide a background fluorescence level. First, fluorescence was divided by absorbance (abs) to provide an approximate 'per cell' fluorescence measure. Any GFP/Abs value within one standard deviation of the value of DH10B was indicated with an asterisk in all figures. The background GFP/Abs value, determined by measuring fluorescence and absorbance from DH10B, was subtracted from thermosensors' values. To account for differences in promoter activity due to temperature, as well as differences in protein folding and degradation rates at different temperatures, the GFP/Abs value for each culture was divided by that of the positive control. The positive control contained the same promoter as the thermosensor testing construct, but lacked the thermosensor entirely. For the three-input composite circuit, the positive control was psicA-GFP (lacking a thermosensor), with the same input plasmids (pBAD-sicA\* and pTet-invF) (Figure [6D](#F6){ref-type="fig"}). For all other experiments, the positive control was pTet-GFP with no thermosensor. The final normalized fluorescence was calculated as follows, where TS = thermosensor, + = positive control, and 0 = *E. coli* DH10B or BL21 Star (DE3): normalized GFP = \[(GFP/Abs)~TS~ − (GFP/Abs)~0~\]/\[(GFP/Abs)~+~ − (GFP/Abs)~0~\].

![Thermosensor response in *E. coli* DH10B. Normalized fluorescence of thermosensors at 27 and 37°C is shown (see Supplementary Figure S3 for raw data, without normalization applied, including data for an intermediate temperature at 32°C). Fluorescence was normalized to pTet-GFP output at each temperature (1 ng/ml aTc). The asterisk (\*) indicates that the GFP/Abs value was within one standard deviation of the DH10B GFP/Abs value (Materials and Methods section). This means that expression was completely 'off' and that these thermosensors are not leaky at 37°C. As expected, the No-ARC control is completely 'off' at both temperatures. Data is the average of six biological replicates, over two different days. Error bars represent standard error of the mean (SEM). A one-tailed, unpaired, Student\'s *t*-test was performed to see if expression was significantly higher at 27°C than at 37°C. The increase in fluorescence was significant for the A3, B1, C1, E3 and F1 thermosensors (*P* \< 0.05). If the criterion is relaxed, the increase in expression at 27°C from the B2, D3 and F2 thermosensors (*P* \< 0.07) as well as the K1 thermosensor (*P* \< 0.09) can also be considered significant. Thermosensors A1, A2, C2, C3, D1, D2, E1, F3, G1 and H1 had *P*-values \<0.25, and thermosensors B3, E2, I1, J1 and L1 had *P*-values \>0.25.](gkv499fig2){#F2}

![Analysis of thermosensor parameters. The parameters describing all 24 thermosensors were analyzed with a two-tailed, unpaired Student\'s *t*-test to determine which parameters had a significant impact (*P* \< 0.05) on thermosensor function. The parameters described here are correlated with reduced leakiness (**A**), or a higher 'on' state expression level (**B**). (A) Reduced leakiness is correlated with the presence of a bulge in the RC. Stem bulges contribute to instability of the secondary structure, which will cause equilibrium to shift more transcripts to the model-predicted unfolded 'off' state at high temperatures, reducing leakiness. The weights of the arrows indicate the relative abundance of the two structures at equilibrium. The *P*-value (1.4 × 10^−2^) indicates that there is a significant difference in the average number of RC bulges between 'leaky' and 'not leaky' thermosensors. (B) A higher 'on' state is correlated with a single RC. The purple object represents RNase E. Increasing the number of RCs will increase the probability that an unfolded transcript will be degraded and turned off. The *P*-value (4.8 × 10^−2^) indicates that there is a significant difference in average 'on' state normalized fluorescence between thermosensors with one RC and thermosensors with two RCs.](gkv499fig3){#F3}

![Specificity of RNA thermosensors. (**A**) Average fold changes are shown for the A3, B1, D3, E1, E3, F1 and F2 thermosensors. Fold changes are the ratios of normalized fluorescence at the two conditions (pH fold change = pH 7/pH 5; magnesium fold change = 2 mM Mg^2+^/2 μM Mg^2+^; and temperature fold change = 27°C/37°C). A fold change of one, shown by the dashed line, is the expected fold change if there is no response to the stimulus. A one-mean, two-tailed Student\'s *t*-test was used to determine if the average fold change was significantly different from one. The average fold change was not significantly different from one for low pH and magnesium starvation (*P* \> 0.05), but it was significantly different from one for the temperature change (*P* \< 0.05). (**B**) Thermosensor response to magnesium starvation at 27°C for individual thermosensors. There is no apparent response to magnesium starvation. (**C**) Thermosensor response to pH change at 27°C for individual thermosensors. There is no apparent response to pH changes. Data for pH and magnesium experiments is the average of three biological replicates; temperature data is the average of six biological replicates, over two separate days. Error bars represent standard error of the mean (SEM).](gkv499fig4){#F4}

![Thermosensor response in BL21 Star (DE3) and RNase E rescue strains. BL21 Star (DE3) contains a mutated version of RNase E that is unable to cut RNA. The RNase E rescue strain was constructed by expressing RNase E on a plasmid in BL21 Star (DE3). Fold changes are expected to be equal to one in the BL21 Star (DE3) strain (shown by dashed lines), indicating a loss of the ability to sense temperature, and greater than one in the RNase E rescue strain, demonstrating the recovery of the ability to sense temperature. (**A**) Fluorescence fold change (27°C fluorescence/37°C fluorescence) of the D2, E3, F2 and F3 thermosensors, all of which demonstrate a significant increase in the 27°C/37°C fluorescence ratio from the BL21 Star (DE3) strain to the RNase E rescue strain (*P* \< 0.05; two-tailed, unpaired, Student\'s *t*-test). *P*-values are as follows: No-ARC control = 0.13, D2 = 0.02, E3 = 0.03, F2 = 0.04 and F3 = 0.01. Data is the average of 14 biological replicates, over a total of three different days. Data for the fluorescence in each strain at each temperature is provided in Supplementary Figure S6. (**B**) Fold change in transcript abundance (27°C transcript abundance/37°C transcript abundance) in the D2, E3, F2 and F3 thermosensors as well as the No-ARC control, based on RT-qPCR data. The thermosensors demonstrate a low 27°C/37°C fold change in BL21 Star (DE3), indicating that the temperature response has been removed. The response is recovered by introducing a functional version of RNase E, as evidenced by the increased fold change in the RNase E rescue strain. As expected, the No-ARC control has a low fold change in both strains. Data was normalized to the positive control (pTet-gfp) in that strain and at that temperature, and corrections were applied (log transformation, mean centering, and autoscaling) in accordance with MIQE guidelines ([@B32],[@B33]). The data shown is from two biological and two technical replicates. Error bars represent standard error of the mean (SEM). *P*-values were calculated with a one-tailed, unpaired Student\'s *t*-test, and are as follows: No-ARC = 0.33, D2 = 0.05, E3 = 0.10, F2 = 0.08 and F3 = 0.03. Data for the relative transcript levels in each strain at each temperature is provided in Supplementary Figure S7.](gkv499fig5){#F5}

![Implementation of RNA thermosensors in genetic circuits. (**A**) Diagram for two-input composite circuit shows that *gfp* is under the control of the pTet promoter and an RNA thermosensor. (**B**) Truth table for two-input composite circuit. For temperature, '0' = 37°C and '1' = 27°C. aTc was used at a concentration of 1 ng/ml. (**C**) Results of two-input composite circuit with the B1 thermosensor. Data is the average of six biological replicates, over two separate days. The asterisk (\*) indicates that the GFP/Abs value was within one standard deviation of the background DH10B GFP/Abs value (Materials and Methods). Error bars represent standard error of the mean (SEM). (**D**) Circuit diagram for three-input composite circuit. pBAD and pTet control the expression of SicA\* (chaperone) and InvF (transcription factor), respectively. These two proteins form a complex that is necessary to activate the psicA promoter, which controls the transcription of *gfp* with an RNA thermosensor. (**E**) Truth table for three-input composite circuit. For temperature, '0' = 37°C and '1' = 27°C. aTc was used at a concentration of 2 ng/ml and arabinose (Ara) was used at a concentration of 0.32 μM. (**F**) Results of three-input composite circuit with the E3 thermosensor. Data is the average of three biological replicates, over two separate days. The asterisk (\*) indicates that the GFP/Abs value was within one standard deviation of the background DH10B GFP/Abs value (Materials and Methods section). Error bars represent SEM.](gkv499fig6){#F6}

For magnesium and pH testing, cells were grown overnight in LB media and diluted 100× with M9 minimal media with 4 g/l glucose, appropriate antibiotics, and 1 ng/ml aTc. Test conditions for the magnesium experiments were 2 mM Mg^2+^ or 2 μM Mg^2+^. Magnesium was added in the form of MgSO~4~, and missing SO~4~^2−^ in the 2 μM Mg^2+^ condition was supplemented with Na~2~SO~4~ to 2 mM. Test conditions for pH experiments were pH5 or pH 7. Media was acidified with HCl. Cultures were grown at 27°C until stationary phase, and measurements were taken as described above.

To construct the RNase E rescue strain, the coding sequence for RNase E (*rne*) along with its native promoters and 5′ UTR was PCR-amplified from the *E. coli* MG1655 genome (2550362--2554197; <http://blast.ncbi.nlm.nih.gov>) and cloned on a plasmid (Supplementary Tables S2 and S4). An alternative version of the plasmid containing no *rne* was used as a control. *Escherichia coli* BL21 Star (DE3) \[F^−^ *omp*T *hsd*S~B~ (*r*~B~*^−^m*~B~*^−^*) *gal dcm rne1*31 (DE3)\] was co-transformed with one thermosensor plasmid and either the plasmid containing *rne* or the alternative control plasmid with no *rne* (Supplementary Table S3). Transcriptional scanning was repeated as described in Supplementary Figure S2, and 2 ng/ml aTc was identified to give the optimum transcription level for thermosensor function in these strains. Fluorescence measurements were taken at stationary phase as described above.

RT-qPCR {#SEC2-3}
-------

RT-qPCR was performed with four thermosensors (D2, E3, F2 and F3), as well as the No-ARC control and the positive control (pTet-GFP). These four thermosensors were chosen because they had demonstrated significant increases in fold change upon introduction of the RNase E rescue plasmid based on fluorescence data (Supplementary Figure S6). Each thermosensor and each control was tested in both the BL21 Star (DE3) strain and the RNase E rescue strain, and at 27°C and 37°C, for a total of 24 samples. To prepare samples for RT-qPCR, temperature induction was performed as described above. Samples were treated with rifampicin (300 μg/ml) as described previously ([@B30]) at stationary phase. RNA was immediately isolated from two biological replicates of each sample with a total culture volume of 1.5 ml per replicate (48 samples total). RNA isolation was performed using TRIzol Reagent (Life Technologies), followed by DNase treatment using the DNA-free Kit (Life Technologies). Finally, cDNA libraries were generated using the AffinityScript QPCR cDNA synthesis kit (Agilent Technologies). Details of each of these steps are included in the Supplementary Methods.

Reference genes and their primers for RT-qPCR were chosen based on literature. The *cysG, hcaT* and *idnT* genes were found to be stably expressed in the BL21 (DE3) strain, specifically at different temperatures, and their primer sequences were taken from literature ([@B31]). Primers for *gfp* were generated using the NCBI Primer-BLAST tool to ensure specificity. All amplicons are 100--150 nt in length. All primers were ordered from Integrated DNA technologies and sequences are shown in Supplementary Table S5. Details of primer optimization and efficiency can be found in the Supplementary Methods.

RT-qPCR was performed using the Power SYBR Green PCR Master Mix (Life Technologies) according to manufacturer\'s instructions, using a 50 μl reaction and 50 nM primers. The CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad Laboratories, Inc.) was used with the following cycling conditions: 95°C for 10 min, followed by 40 cycles of 95°C for 15 s, 60°C for 1 min, and then fluorescent detection. This was immediately followed by a melting curve (65--95°C, incrementing 0.5°C for 5 s, plate reading). The melting curve analysis confirmed the absence of non-specific products. For each sample, data are representative of two biological and two technical replicates (qPCR stage).

Quantification cycles (*C*~q~) were determined using The CFX96 Touch™ Real-Time PCR Detection System software (Bio-Rad Laboratories, Inc.). *C*~q~ of the target gene (*gfp*) was normalized to the geometric mean of that of the reference genes (*cysG, hcaT* and *idnT*) ([@B31]). The relative expression level of each sample was normalized to that of the positive control (pTet-gfp) in that strain and at that temperature. Corrections were applied (log transformation, mean centering, and autoscaling) to account for variation associated with biological replicates, in accordance with MIQE guidelines ([@B32],[@B33]). For each sample, biological and technical replicates were averaged and the standard error of the mean was calculated.

Construction and characterization of three-input composite circuits {#SEC2-4}
-------------------------------------------------------------------

To construct the three-input composite circuit, seven different thermosensors (B1, C1, D1, E1, E3, F1, F3) along with the common UTR (Table [1](#tbl1){ref-type="table"}) were inserted upstream of *gfp* and downstream of the transcription start site of the psicA promoter (Supplementary Table S4) using blunt end ligation as described above. The plasmids containing pBAD-sicA\* and pTet-invF had been constructed previously ([@B34]). Cells were grown overnight in LB media and diluted 100× with M9 minimal media with 0.4% glycerol, 2 g/l casamino acids, and 0.3 g/l thiamine hydrochloride. After 2 h of growth at 37°C and 250 rpm, cells were centrifuged and resuspended in M9 minimal media with 0.4% glycerol, 2 g/l casamino acids, and 0.3 g/l thiamine hydrochloride. These cultures were grown, with supplementation of 2 ng/ml aTc and 0.32 μM arabinose when necessary, at the appropriate testing temperature and 250 rpm until stationary phase. Measurements were taken as described above.

RESULTS {#SEC3}
=======

Design of heat-repressible RNA thermosensors {#SEC3-1}
--------------------------------------------

The RNA thermosensors described here consist of a fluorescence reporter (i.e. GFP), a common RBS, and an [R]{.ul}Nase E [c]{.ul}leavage site (RC) sequestered by an [a]{.ul}nti-[R]{.ul}Nase E [c]{.ul}leavage site (ARC) in a stem--loop at low temperatures and exposed at high temperatures (Figure [1](#F1){ref-type="fig"} and Table [1](#tbl1){ref-type="table"}). At low temperatures, the mRNA will be protected from degradation by the stem--loop formation, and translation will occur unhindered, resulting in an 'on' state. As the temperature increases, the stem--loop will unfold, exposing the RNase E cleavage site and allowing the transcript to be degraded. Thus, at high temperatures, expression will be 'off'. The No-ARC control does not contain an ARC and is not expected to form a stem--loop at any temperature. Thus, at all temperatures, this control is expected to be in the 'off' state.

RNase E was chosen for several reasons. First, it was necessary to choose an endoribonuclease so that an internal location on the transcript could be cleaved. It was also essential to choose an enzyme that cleaves single-stranded RNA, instead of double stranded RNA, so that the transcript is degraded at high temperatures when the stem--loop is unfolded. Additionally, an enzyme that has some sequence specificity allows for rational design of the thermosensor. Finally, an enzyme that is conserved throughout many bacterial species provides the potential for this thermosensor to be applied in other organisms in the future. RNase E met all these requirements, it is well studied, and an RNase E mutant strain is available ([@B24],[@B25],[@B35],[@B36]).

The mechanism shown in Figure [1](#F1){ref-type="fig"} is a simplified version of the true behavior of RNA within the cell. While RNA hairpin folding is sometimes treated as a two-state process (folded and unfolded) ([@B37],[@B38]), a wealth of kinetic data indicates that it is actually a multi-state process ([@B39]--[@B42]). Furthermore, the structures shown in Supplementary Figure S1 are one of several potential folded states, and different secondary structures may dynamically coexist within the cell ([@B17]). As a simple shorthand for this complex process, we will consider the folded and unfolded states shown in Figure [1](#F1){ref-type="fig"} to be two 'model-predicted' states, recognizing that there are various dynamic structures that may occur at any given temperature.

*De novo* design of RNA thermosensors began with the RNase E cleavage site (RC) (UCUUCC), identified in literature ([@B36]). This sequence does not appear elsewhere within the *gfp* transcript (Supplementary Table S4). Thermosensor sequences contain either one RC, or two RCs separated by a GC spacer (Table [1](#tbl1){ref-type="table"}). The anti-RC (ARC) was constructed by taking the reverse complement of the RC, and then modifying it to achieve a predicted melting temperature within the 25 - 38°C temperature range. Thermosensors were named such that those that share a letter in their name (e.g. A1, A2 and A3) share a stem structure, and due to our estimation method, also share an estimated melting temperature. The loop region separating the ARC and RC consists of A\'s and U\'s and has lengths ranging from 5 to 16 nucleotides. Thermosensors that share a number in their name (e.g. A1, B1 and C1) share an approximate loop size, where X1 = 5--6 nt loop, X2 = 10--11 nt loop and X3 = 15--16 nt loop. The 24 thermosensors also vary in their estimated Δ*G* and the number of bulges that they contain in each side of the stem. These parameters are summarized for each thermosensor in Supplementary Table S1, and all predicted thermosensor structures are shown in Supplementary Figure S1. To ensure that there was no potential downstream interaction that would prevent sequestration of the RC, secondary structures were also predicted with the common UTR included (Table [1](#tbl1){ref-type="table"}). It was found that there was no major deviation from the structure shown in Supplementary Figure S1.

Optimization of thermosensor function {#SEC3-2}
-------------------------------------

The thermosensors were initially tested with a strong constitutive promoter, Bba_J23104 (<http://parts.igem.org/Part:BBa_J23104>). Although they demonstrated increased fluorescence at low temperatures, the fold change was very small and in some cases, only observable when the temperature was reduced to 17°C. It was hypothesized that at such a high level of transcription, the large number of thermosensor-containing mRNAs overwhelmed the capacity of the native RNase E. Furthermore, it was reasoned that there would be an optimum transcription level that would allow for the maximum fold-change of the temperature response. In order to find the optimum transcription level, the constitutive promoters were replaced with the inducible pTet promoter. The No-ARC control and the positive control, which contain no thermosensor, were induced at 37°C at a variety of aTc concentrations. Because the No-ARC control does not form a hairpin at any temperature, it was expected to mimic the ideal 'off' behavior. Conversely, the positive control does not contain an RC and is expected to mimic the ideal 'on' behavior. By scanning expression levels (i.e. measuring reporter fluorescence) for maximum fold change between the two controls, we could identify the optimum transcription level for thermosensor function (Supplementary Figure S2). There was a strong peak in the fold change (positive control/No-ARC control) between 0.08 and 2 ng/ml aTc. After narrowing down an appropriate range of expression levels, follow-up experiments were performed. Further experimentation identified 1.0 ng/ml as the optimum aTc concentration.

Further optimization was necessary in the measurement and normalization procedures. Because the rates of growth, transcription, translation, and RNA and protein degradation can vary with temperature, measurements were taken at early stationary phase, when fluorescence and absorbance (at 600 nm) values were stable. Furthermore, all data was normalized to the positive control (pTet-GFP) to account for differences in transcription, translation, and degradation rates (see Materials and Methods).

Thermosensor response to temperatures {#SEC3-3}
-------------------------------------

Once the transcription level and induction protocols had been optimized, thermosensor function was measured at 27 and 37°C (Figure [2](#F2){ref-type="fig"}). Asterisks are shown for expression levels that are 'completely off,' meaning the fluorescence is within one standard deviation of the background (*E. coli* DH10B). Thermosensors functioned as expected, with a tightly-regulated 'off' state at 37°C and a clear 'on' state at 27°C. Some thermosensors (D2, E2, E3, F1, F2, H1, I1 and L1) showed leaky expression at 37°C. The No-ARC control confirms the importance of the stem--loop structure for temperature sensing. Because this control is unable to sequester the RC in a stem--loop at low temperatures, expression is 'off' at both temperatures.

The behaviors exhibited in Figure [2](#F2){ref-type="fig"} were analyzed with respect to the design characteristics of each thermosensor, shown in Supplementary Table S1. Statistical analysis showed that certain design parameters could be correlated with thermosensor behavior *in vivo* (Figure [3](#F3){ref-type="fig"}). A total of 24 thermosensors were constructed and tested at 37 and 27°C, and all 24 thermosensors were included in the statistical analysis. Most importantly, a tradeoff was observed between reduced leakiness and a high maximum expression level in the 'on' state. In other words, a thermosensor that had a very tight 'off' state would have a lower expression level in the 'on' state, which suggests the importance of a delicate balance when selecting design parameters. To provide guidelines for thermosensor design, detailed statistical analysis was performed as discussed below.

Reduced leakiness was analyzed as a potentially desirable thermosensor characteristic. A thermosensor was considered 'not leaky' if the fluorescence of the 'off' state at 37°C was within one standard deviation of the white cells (DH10B). A thermosensor was considered 'leaky' if the fluorescence of the 'off' state exceeded one standard deviation of the white cells. Thermosensors that were not leaky were likely to contain a bulge in their RC (*P* = 1.4×10^−2^; unpaired, two-tailed Student\'s *t*-test). In fact, none of the thermosensors that contained a bulge in their RC were leaky, while 44% of the thermosensors lacking a bulge in their RC were leaky (Figure [3A](#F3){ref-type="fig"} and Supplementary Figure S4). A possible explanation for this trend relates to stability. Thermosensors containing a bulge are less stable, meaning that the equilibrium between the two model-predicted structures would be driven toward the model-predicted unfolded 'off' state, especially at high temperatures. It is interesting to note that bulges in the ARC had no effect on leakiness; only mismatches that would cause bulges on the RC side of the stem were correlated with reduced leakiness. This suggests that the bulge may improve RNase E access to the RC, providing an alternative explanation for this correlation.

Depending on the ultimate application, thermosensors with high expression in the 'on' state may be more useful than thermosensors with reduced leakiness. The inclusion of a single RC instead of two was correlated with a higher 'on' state (*P* = 4.8×10^−2^) (Figure [3B](#F3){ref-type="fig"} and Supplementary Figure S5). Increasing the number of RCs will increase the probability of RNase E-mediated cleavage, regardless of the proportion of transcripts in the model-predicted unfolded state. Thus, as the number of RCs is reduced, the chance of cleavage decreases, more transcripts are left intact, and expression increases. Because all of the thermosensors with one RC also have perfectly complementary stems, it is difficult to say whether the higher 'on' state is due to the lower number of RCs or the lack of bulges in the stems. Thermosensor variants with these parameters decoupled (e.g. with one RC and stem bulges, or two RCs and no bulges) were not tested because the estimated melting temperatures of such designs were outside the range of temperatures that can be tested *in vivo*.

Some parallels can be drawn between the synthetic heat-repressible RNA thermosensors developed here and the naturally-occurring heat-inducible ROSE thermosensors. It has been observed that ROSE thermosensors contain a conserved G-bulge across from the SD sequence when it is sequestered in a stem--loop at low temperatures. When this bulge was eliminated, two changes in thermosensor function were observed ([@B43]). First, the thermosensor is not de-repressed at high temperatures. Second, there is increased repression at low temperatures. Both of these behaviors can be explained by an increased proportion of transcripts in the model-predicted folded state at each temperature. Similarly, we observed that thermosensors containing no RC bulge had leaky expression and a higher 'on' state. Again, this behavior would suggest that an increased proportion of transcripts are in the model-predicted folded state, consistent with observations of the ROSE thermosensors. Thus, conserved features observed in nature can provide insights into the function of synthetic RNA devices.

Specificity of temperature response {#SEC3-4}
-----------------------------------

While temperature is known to cause changes in RNA secondary structure, there are other environmental conditions that can also affect RNA stability. In order to confirm that the RNA thermosensors respond specifically to temperature, and are not inadvertently activated by other variations in RNA stability, the effects of pH and magnesium starvation were assessed. It has been observed that some RNA thermosensors, such as the *Salmonella* fourU-type RNA thermometer, behave differently as magnesium concentration is altered ([@B44]). However, other RNA thermosensors, such as ROSE thermosensors, are unaffected by magnesium concentration ([@B45]). RNA is a negatively charged molecule, and intramolecular repulsive forces can prevent correct RNA folding. Divalent cations, especially Mg^2+^, play an important role in alleviating these repulsive forces and allowing RNA structures to form ([@B46],[@B47]). Thus, a magnesium-limited environment may prevent the hairpin structure from forming at 27°C, causing transcripts to remain in the model-predicted unfolded 'off' state, leading to a lower 'on' state. In order to test this hypothesis, responses of thermosensors were measured at 27°C at 2 mM Mg^2+^ or 2 μM Mg^2+^.

The second stability variable tested was pH. RNA shows increased stability in slightly acidic environments ([@B48]). Furthermore, although cells are known to maintain homeostasis, research has shown that *E. coli* can reduce its intracellular pH in an acidic environment ([@B49]--[@B51]). Thus, it is plausible to suggest that these thermosensors, though they function intracellularly, might be influenced by media pH in addition to temperature. In order to test this hypothesis, cells were grown in neutral and acidic media (pH 7 and pH 5, respectively). Based on a range of \[H+\]~internal~/\[H+\]~external~ ratios (0.025--6.3) reported by literature and supported by thermodynamic modeling ([@B52]), the intracellular pH is expected to be between 6.2 and 8.6 for an external pH of 7 and between 4.2 and 6.6 for an external pH of 5. If the thermosensors were to respond to low pH, it would be expected that a higher proportion of thermosensors would be in the stable, model-predicted folded state at 27°C, resulting in a higher 'on' state at pH 5.

In Figure [4A](#F4){ref-type="fig"}, the average fold changes for the A3, B1, D3, E1, E3, F1 and F2 thermosensors are compared when exposed to three different stimuli. A fold change of one (shown by the dashed line) indicates that there is no response to the stimulus in question. The fold changes for both the pH experiment (pH 7/pH 5, 2 mM Mg^2+^, 27°C) and the magnesium experiment (2 mM Mg^2+^/2 μM Mg^2+^, pH 7, 27°C) were not significantly different from one (*P* \> 0.05; one-mean, two-tailed Student\'s *t*-test). On the other hand, the fold change for the temperature response (27°C/37°C, 2 mM Mg^2+^, pH 7) was significantly different from one (*P* \< 0.05; one-mean, two-tailed Student\'s *t*-test). This means that the thermosensors respond specifically to temperature and are unlikely to be activated by RNA stability variations brought on by magnesium starvation or low pH (Figure [4](#F4){ref-type="fig"}). However, because intracellular pH was not directly measured or manipulated in this experiment, the possibility that the intracellular pH remained constant between the two cultures cannot be disregarded.

Confirmation of RNase E participation in the temperature-sensing mechanism {#SEC3-5}
--------------------------------------------------------------------------

In order to confirm that RNase E does in fact play a central role in the temperature-sensing mechanism (Figure [1](#F1){ref-type="fig"}), the thermosensors were tested in the BL21 Star (DE3) strain of *E. coli*. This strain contains a truncated RNase E that is unable to cut RNA ([@B53]). According to the hypothesized mechanism, the thermosensors would not be able to turn off without a fully-functional RNase E. Thus, in BL21 Star (DE3), the RNA thermosensors would be expected to lose their ability to respond to temperature and instead remain in the 'on' state at all temperatures. Given that extensive optimization was required to see a clear temperature response in DH10B, it was important to verify that any failure to sense temperature in the BL21 Star (DE3) strain was due to the absence of a functional RNase E, not a lack of optimization. To ensure that this was the case, an RNase E rescue strain was constructed by expressing the wild-type RNase E gene (*rne*) on a plasmid in BL21 Star (DE3). The RNase E rescue strain would be expected to show a temperature response due to the presence of a functional version of RNase E, providing a control for thermosensor behavior in BL21 Star (DE3).

Thermosensor behavior was initially assessed with fluorescence data, as had been done for the DH10B strain. However, the results from the fluorescence data were unclear. A complete loss of temperature sensing in BL21 Star (DE3) would result in a fold change of one, which was not observed (Figure [5A](#F5){ref-type="fig"}). Though 27°C/37°C fold changes were consistently higher in the RNase E rescue strain than in the BL21 Star (DE3) strain, as would be expected, fold changes in BL21 Star (DE3) were greater than one for all tested thermosensors (Figure [5A](#F5){ref-type="fig"}). Furthermore, small changes in fluorescence were observed in the No-ARC control, which was expected to display a constant fold change close to one in both strains.

To gain a clearer understanding of the effect of RNase E on the stability of thermosensor-containing transcripts, RT-qPCR was performed with the two strains. Because the hypothesized mechanism functions on the transcript stability level, directly measuring transcript levels provides better experimental support for the mechanism than does fluorescence data, which measures protein levels. Furthermore, it has been reported that there is no clear linear relationship between mRNA levels and protein levels ([@B54],[@B55]), so by examining transcript abundance directly with RT-qPCR, we can neglect differences in translation rate or protein stability that may contribute to unexpected differences between strains in the fluorescence data. This will allow us to directly observe the impacts of RNase E on thermosensor-containing transcript abundance.

RT-qPCR analysis was performed with the D2, E3, F2 and F3 thermosensors because they each showed a significant increase in fold change between the BL21 Star (DE3) strain and the RNase E rescue strain based on fluorescence data (Figure [5A](#F5){ref-type="fig"}). Four other thermosensors that were tested did not show a significant change in fold change, possibly due to a lack of optimization in the new strain (Supplementary Figure S6). Transcript abundance levels based on RT-qPCR analysis are shown in Figure [5B](#F5){ref-type="fig"}. The 27°C/37°C fold change is expected to be one in the BL21 Star (DE3) strain, because this strain is lacking a functional RNase E and is not expected to respond to temperature. This level is shown by the dotted line. As expected, in each of the four thermosensors as well as the No-ARC control, the reported fold change is very close to one in BL21 Star (DE3). Upon introduction of a functional RNase E in the RNase E Rescue strain, all four thermosensors showed an increase in fold change, though the increase was small in the F2 thermosensor (fold changes in RNase E rescue strain: D2 = 5.2, E3 = 6.2, F2 = 1.9 and F3 = 8.7). This indicates that RNase E does in fact play an important role in the temperature sensing mechanism. Additionally, the No-ARC control showed a low fold change in the RNase E rescue strain. Although this fold change was not exactly equal to one (No-ARC fold change = 1.6 in BL21 Star (DE3) and 1.4 in RNase E rescue strain), the difference in fold change between BL21 Star DE3 and the RNase E rescue strain was not significant (*P* = 0.33, Figure [5B](#F5){ref-type="fig"}), indicating the RNase E does not have a major impact on the 27°C/37°C fold change of the No-ARC transcript abundance.

While RT-qPCR provides the most relevant data for elucidating the mechanism of these thermosensors on the level of transcript stability, fluorescence data is more relevant for assessing whether or not these thermosensors have the potential for implementation in a real system. For most synthetic biology applications, protein expression level is the central outcome, whether that protein is an enzyme in a metabolic pathway, a pathogen-killing toxin, or a transcription factor in a complex genetic circuit. This means that while transcript abundance provides important insights into the mechanism, fluorescence data would be more important for determining the potential of these thermosensors to be applied in engineered systems. Because thermosensors had been optimized to function in DH10B, behavioral differences between thermosensors in DH10B and BL21 Star (DE3) strains are not unexpected. Further optimization would be required to show that these thermosensors can function as well on the protein (fluorescence) level in BL21 Star (DE3) (the RNase E rescue strain) as they do in DH10B.

Construction and characterization of multi-input composite circuits {#SEC3-6}
-------------------------------------------------------------------

A benefit of regulators that act on the transcript stability level is that they can be combined with regulation at multiple levels to build complex logic operations. In order to demonstrate that the RNA thermosensors developed in this study can be used in complex circuits, the existing construct was first demonstrated to function as a two-input composite circuit. We define a composite circuit as a circuit that utilizes regulation mechanisms at more than one level (e.g. transcription and transcript stability). Because the thermosensors are under the control of pTet (Figure [6A](#F6){ref-type="fig"}), we can consider this construct a two-input composite circuit, with temperature and aTc as the two inputs. A response would only be expected when the two inputs are present (aTc = 1 ng/mL and temperature = 27°C) (Figure [6B](#F6){ref-type="fig"}). Using the B1 thermosensor, which was the best performing two-input composite circuit that was also tested in a three-input composite circuit, we can see that the two-input composite circuit functions as expected (Figure [6C](#F6){ref-type="fig"}). Results for two-input composite circuits using all 24 thermosensors are shown in Supplementary Figure S8.

To build on this concept and further demonstrate the modularity and composability of the RNA thermosensors, a three-input composite circuit was constructed (Figure [6D](#F6){ref-type="fig"}). This circuit used components from the type III secretion system in *Salmonella typhimurium* ([@B56]). In this system, the chaperone (SicA) and transcription factor (InvF) form a complex which is required to activate transcription from the sicA promoter. This system has been previously optimized to function in a two-input AND gate ([@B34]). The previously published AND gate was modified to form a three-input composite circuit by adding a thermosensor downstream of the psicA promoter to control the expression of the reporter, GFP (Figure [6D](#F6){ref-type="fig"}). Seven variants of this circuit were generated by inserting seven different thermosensors. These thermosensors were selected so as to represent a wide variety of behaviors, specifically with respect to three criteria (see Figure [2](#F2){ref-type="fig"}): (i) a high 'on' state fluorescence level (\>3 normalized fluorescence units), (ii) a low *P*-value (\<0.05) and (iii) leakiness. Two thermosensors (E3 and F1) met all three criteria, two thermosensors (E1 and F3) met criterion (i) only, two thermosensors (B1 and C1) met criterion (ii) only, and one thermosensor (D1) met none of the three criteria.

The three-input composite circuit operates on three regulatory levels: the transcriptional (promoter-mediated), the post-translational (protein--protein interaction-mediated), and the transcript stability (RNA-mediated) level. Results for the E3 thermosensor circuit, which was the best performing three-input composite circuit, are shown in Figure [6F](#F6){ref-type="fig"}. This circuit performed as expected, with the highest level of expression occurring when all three inputs are present (Ara = 0.32 μM; aTc = 2 ng/ml; temperature = 27°C) (Figure [6E](#F6){ref-type="fig"} and [F](#F6){ref-type="fig"}). A 5.1-fold change was achieved between the leakiest 'off' state \[1 1 0\] and the 'on' state \[1 1 1\]. It is notable that this circuit demonstrates leakiness under certain conditions. This behavior is consistent with previous data, since the E3 thermosensor was slightly leaky in the two-input composite circuit (Supplementary Figure S8). However, thermosensors that did not exhibit leakiness in the two-input composite circuit exhibited levels of leakiness in the three-input composite circuit similar to that of the E3 thermosensor circuit (Supplementary Figure S8 for two-input and Supplementary Figure S9 for three-input). Still, because the thermosensors are functioning in a different genetic context (i.e. under the control of the different promoter psicA, instead of pTet), slight differences in behavior would not be unexpected. The behavior of each thermosensor was compared in the three-input and two-input circuits. A slight correlation (*r*^2^ = 0.72) was found between the fold change of the 3-input circuit and the 'on' state of the two-input circuit (Supplementary Figure S10).

DISCUSSION {#SEC4}
==========

RNA thermosensors have a wide variety of potential applications in synthetic biology and metabolic engineering. As synthetic biology transitions from lab-scale genetic circuit demonstrations to industrial, medical, and environmental applications, chemical inducers such as arabinose and aTc will have to be replaced. Not only are these inducers irrelevant in situ (e.g. inside the human body or at a potential bioremediation site), but their cost is also inhibitory when it comes to scale-up. On the other hand, temperature can be a meaningful signal in the environment, and temperature-responsive systems will not require expensive chemical inducers. Furthermore, metabolic engineers often need to consider temperature variations within large-scale bioreactors and adjust host cells' metabolism accordingly. For example, hotspots are a common problem in solid-state fermentation ([@B57]), and photobioreactors can overheat in the afternoon ([@B58]). Heat-repressible RNA thermosensors with customized melting temperatures could be implemented to down-regulate product synthesis pathways that divert the cells' resources away from survival during such undesirable periods.

In this study, heat-repressible RNA thermosensors were designed *de novo* and demonstrated to function in *E. coli* (Figure [2](#F2){ref-type="fig"}). They have a stem--loop in the 5′ UTR upstream of the RBS that unfolds at high temperatures to expose an RNase E cleavage site. The exposed RNase E cleavage site allows for degradation of the transcript, turning off expression (Figure [1](#F1){ref-type="fig"}). Several experiments were conducted to confirm the hypothesized mechanism outlined in Figure [1](#F1){ref-type="fig"}. The No-ARC control is not expected to form a stem--loop at any temperature, leaving it consistently prone to RNase E degradation. This control is off at both 27 and 37°C, demonstrating the importance of the stem--loop structure for a functional thermosensor (Figure [2](#F2){ref-type="fig"}). The magnesium and pH experiments summarized in Figure [4](#F4){ref-type="fig"} ensure that the thermosensor responds specifically to temperature and does not respond to conditions that affect RNA stability in general. Finally, the RT-qPCR experiments with BL21 Star (DE3) support the proposed mechanism outlined in Figure [1](#F1){ref-type="fig"}. These experiments show that thermosensors show no temperature response in a strain with a non-functional RNase E, but regain function upon introduction of a fully functional RNase E (Figure [5](#F5){ref-type="fig"}). This result supports the hypothesis that RNase E plays an important role in the temperature-sensing mechanism. A thorough knowledge of the mechanism will allow for streamlined implementation of these thermosensors in other genetic systems and potentially in other organisms.

A potential complication to the mechanism presented in Figure [1](#F1){ref-type="fig"} is the participation of the ribosome. Each of the 24 thermosensors was designed to share an SD sequence (Table [1](#tbl1){ref-type="table"}) in order to maintain relatively consistent translation rates. However, because context effects are well known to affect translation rates ([@B59]), it is likely that the actual RBS strengths varied among thermosensors. One factor that may cause differences in translation rates among thermosensors is the secondary structure of the thermosensors themselves. A recent paper investigates the effect of secondary structure of long 5′ UTRs on ribosome binding ([@B60]). The authors found that the ribosome can bind to standby sites, which are structurally similar to the model-predicted folded state of the thermosensor. However, because a structured 5′ UTR introduces a binding free energy penalty, it is energetically more difficult for a ribosome to bind to a structured 5′ UTR than an unstructured 5′ UTR. Thus, higher translation rates would be expected in the unfolded 'off' state, which counters the prediction made by our proposed mechanism (Figure [1](#F1){ref-type="fig"}), and is not supported by experimental data (Figure [2](#F2){ref-type="fig"}). While the structure of the 5′ UTR may impact translation rates, it is likely that the structural effect is overshadowed by the effects of RNase E-mediated transcript degradation.

However, differences in translation rates due to secondary structure can provide an alternative explanation for the higher observed 'on' state in thermosensors containing only one RC site, instead of two. While this trend could be explained by considering that a transcript with two RCs will be less stable than a transcript with only one RC (Figure [3B](#F3){ref-type="fig"}), it is also possible that the longer hairpins in two-RC thermosensors reduces translation rates ([@B60]). Still, RT-qPCR data indicates that transcript stability plays a major role in the observed changes in gene expression. If differential translation rates were solely responsible for temperature-induced changes in expression, we would not expect to see the changes in mRNA abundance that are shown in Figure [5](#F5){ref-type="fig"}. Furthermore, the correlation between RC bulges and a reduction in leakiness indicates that RNase E access may play a more important role than secondary structure itself (Figure [3A](#F3){ref-type="fig"}), since no correlation was observed between leakiness and bulges in the ARC.

Another factor to consider is the impact of ribosome binding on the structure of the transcript. The ribosome footprint is approximately 30 nt ([@B61],[@B62]). Though a distance of about 20 nt was left between the SD sequence and the thermosensor hairpin to account for ribosome binding, the possibility exists that the binding of the ribosome would cause partial unfolding of the thermosensor hairpin ([@B60]). Furthermore, in the model-predicted unfolded state at high temperatures, it is possible that either the ribosome or RNase E could bind to the transcript, though simultaneous binding is unlikely due to steric hindrance. Thus, translation can occur at high temperatures (in the 'off' state) until RNase E binds to the transcript. Once RNase E binds and cleaves the transcript at the RC site, the remaining transcript fragments will be quickly degraded to nucleotides by exoribonucleases and accessory factors including RNase II, RNase R, PNPase and RhlB, among others ([@B63]). Because RNase E cleavage is the limiting factor in the RNA degradation process, it is unlikely that the mRNA fragments would be stable enough for significant translation to occur after RNase E cleavage. Although these factors should be considered to gain a more complex understanding of the mechanism, the simple mechanism presented in Figure [1](#F1){ref-type="fig"} can still be used to describe the general behavior of these thermosensors.

An understanding of this mechanism, in addition to the results shown in Figure [2](#F2){ref-type="fig"}, can be used to evaluate assumptions made during the design phase. For instance, the assumption was made that loop size could be neglected when estimating melting temperature (Methods). Current RNA secondary structure prediction programs calculate stem stability using nearest-neighbor approximations, and account for hairpin loops with an additional free energy term that reduces the stability of the structure ([@B64],[@B65]). In general, the stability of the hairpin decreases with increasing loop size ([@B66]), which is reflected in the ΔG estimations obtained from Mfold that considered loop size (Supplementary Table S1). Had loop size been considered in melting temperature approximations, it is expected that melting temperature estimates would have decreased with increasing loop size. However, the analysis of experimental data showed no relationship between thermosensor behavior and loop size.

Besides the 'on' and 'off' states shown in Figure [2](#F2){ref-type="fig"}, another potentially important characteristic of these thermosensors is their response time. To determine how quickly a thermosensor would respond to a change in temperature, the response time of the F1 thermosensor was measured. The F1 thermosensor was chosen due to its high 'on' state (normalized fluorescence = 4.4 au) and low *P*-value (*P* = 1.5 ×10^−2^; Figure [2](#F2){ref-type="fig"}). In order to characterize the response time, Welch\'s t-test was used to find the time at which the fluorescence of the thermosensor at 27°C was significantly higher than that of the No-ARC control at 27°C (Supplementary Figure S11 and Supplementary Methods) ([@B67]). Based on this method, the response time for the F1 thermosensor was 1.2 h (72 min) after the temperature shift from 37 to 27°C. This is in line with a recent study on an *in vivo* RNA regulator controlling RFP expression, which reported response times of 41.7--72.7 min, depending on the speed of the response element ([@B67]). The lower growth temperature in our experiment may have contributed to a slow response time.

After characterizing 'on' and 'off' states (Figure [2](#F2){ref-type="fig"}), response specificity (Figure [4](#F4){ref-type="fig"}), thermosensor mechanism (Figure [5](#F5){ref-type="fig"}), and the response time (Supplementary Figure S11), the ability of thermosensors to participate in more complex systems can be evaluated. Construction of a three-input composite circuit demonstrates the modularity and composability of the RNA thermosensors (Figure [6](#F6){ref-type="fig"}). They remain functional in a different genetic context (i.e. with two different promoters pTet and psicA) and can be combined with other genetic devices to form complex logic operations. Modularity and composability are fundamental to the scalability of any genetic device ([@B68]). Considering these characteristics alongside the designability of the RNA thermosensors and their proposed generality to diverse hosts, it is reasonable to suggest that there is wide potential applicability for these RNA thermosensors in synthetic biology.

There are several recent examples of RNA-based devices being implemented in genetic circuits, including the construction of an RNA-mediated transcriptional cascade ([@B69]), cotranscriptional *in vitro* RNA circuits ([@B70]), logic gates consisting of RNA toehold switches ([@B71]), and a pathway diverter utilizing an RNA transducer together with a promoter to determine cell fate ([@B72]). In addition, several recent studies have used the CRISPR-Cas system, which utilizes small guide RNAs (sgRNAs) and associated proteins, in the design of genetic circuits ([@B73]--[@B75]). The composite circuit in this study uses a unique combination of genetic controls on a variety of regulatory levels. Namely, this circuit implements inducible promoters at the transcriptional level, interacting proteins at the post-translational level, and an RNA thermosensor at the transcript stability level. By diversifying the levels of circuit regulation, the potential for different circuit architectures is expanded while the metabolic burden and overall circuit size for a given logical operation are reduced. For example, an analogous three-input AND gate demonstrated previously requires three layers, five transcription units and seven protein regulators (chaperones and transcription factors) ([@B34]). The three-input composite circuit demonstrated here requires only two layers, three transcription units and four protein regulators. While the circuit complexity was reduced, the same logical operation was maintained. By extension, a much larger genetic circuit could be similarly simplified by using a combination of transcriptional and post-transcriptional controls, providing opportunities for future circuit development.

In this work, we have demonstrated that a simple stem--loop structure could be designed to act as a heat-repressible RNA thermosensor in *E. coli*. These thermosensors are small, have a simple mechanism, and can be designed to have a very tightly regulated 'off' state. Because of these characteristics, they can be more easily implemented into complex genetic circuits than can natural RNA thermosensors. To our knowledge, this is the first demonstration of heat-repressible RNA thermosensors designed *de novo*. Although the structure of these thermosensors is simple, design and optimization were not trivial. Insights gained from this study regarding design choices and optimization protocol will be invaluable in the implementation of these or similar thermosensors in future work.
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